Abstract: New high-cadence observations with BRITE covering many months confirm that coupled pairs of nonradial pulsation modes are widespread among early-type Be stars. With the difference frequency between the parental variations they may form a roughly sinusoidal variability or the amplitude may cyclicly vary. A first -amplified -beat pattern is also found. In all three cases the amplitudes of difference frequencies can exceed the amplitude sum of the base frequencies, and modulations of the star-to-circumstellar-disk mass-transfer rate may be associated with these slow variations. This suggests more strongly than any earlier observations that significant dissipation of pulsational energy in the atmosphere may be a cause of mass ejections from Be stars. A unifying interpretative concept is presented.
Introduction
In a multi-parameter space, Be stars occupy a volume that is disjoint with all other types of hot stars, regardless of their evolutionary stage:
• Be stars show the largest equatorial velocities of all non-degenerate stars.
• Be stars possess self-ejected Keplerian disks, which may develop as well as completely disperse on timescales of months to years.
• In UV resonance lines, Be stars exhibit classical wind profiles. These are probably mainly due to radiative ablation of the disk.
• Companion stars with periods less than a month are rare.
• At least on large scales, Be stars are the least magnetic group of hot stars. For a broader initiation to the Be phenomenon see Rivinius et al. (2013) .
In many B stars, rapid rotation and nonradial pulsation seem to be necessary conditions for this so-called Be phenomenon to occur, as the rest of this paper will demonstrate. The rapid rotation may be native (Martayan et al., 2007) or acquired along the evolutionary path of a binary (McSwain & Gies, 2005) :
• In a few Be stars, a hot sub-dwarf O-type (sdO) companion has been detected by its He-ionizing effect on the disk (e.g., Peters et al., 2016) . The progenitor of the sdO has dumped mass and angular momentum on the present Be primary.
• Some Be stars have high space velocities (Berger & Gies, 2001 ) that could be the result of the disruption of a binary by either a close encounter in a dense environment or the supernova explosion of a former massive companion.
• In Be X-ray binaries, a supernova product is still present in the form of a neutron star (evidence for black holes is weak) (Walter et al., 2015) . Even the sum of these three processes would probably not account for Be-star frequencies reaching > 30% at spectral type B1 (Zorec & Briot, 1997) . Most Be-star disks, if any, are not accretion disks evidencing ongoing mass transfer in a binary (but see also Harmanec et al., 2002) , and viscous processes and radiative ablation destroy Be disks in a few years (Haubois et al., 2014; Kee et al., 2016 ) so that they do not trace earlier evolutionary stages. In classical Be stars, the disk matter is decreted by the central B star. Viscosity enables tossed-up matter to exchange angular momentum so that ∼1% can attain Keplerian velocities while the bulk of the ejecta falls back to the star (Haubois et al., 2014) .
Earlier spectroscopy (e.g., Baade et al., 1988) found rapid outbursts in Be stars. They even repeat cyclically (Rivinius et al., 1998) , when two NRP modes are temporarily in phase and co-add their amplitudes. BRITE (Weiss et al., 2014) has enabled the most detailed description to date of these processes (Baade et al., 2016a,b) , which is expanded below. More holistic analyses using wavelet transforms of CoRoT and Kepler space photometry were performed by Rivinius et al. (2016, and in prep.) . But it still remains unclear whether all outbursts of a given Be star are due to the same mechanism and whether pulsations play a decisive role in all Be stars.
BRITE observations of selected Be stars
Pre-BRITE observations indicating a link between NRP and mass loss were often attributed to multi-mode beat processes. Rivinius et al. (1998) inferred this from the modulation of the strength of the Hα emission of µ Cen with frequency differences among a few NRP modes. In photometry, outbursts are typically diagnosed from changes in the mean brightness. They probably result from varying amounts of circumstellar matter, which reprocesses the stellar flux it receives and partly redirects it to, or away from, the observer, depending on viewing angle (Haubois et al., 2014) . In the additive case, it is kind of an active light echo. Space photometry contributed the important fact that power spectra can look substantially different during outbursts than during quiescence. Some individual NRP amplitudes decrease, many increase, and especially quasi-dense groups of not strictly constant frequencies develop or grow (Huat et al., 2009; Rivinius et al., 2016) . Accordingly, the picture was generalized to the notion that a large number of NRP modes may, in a collective beat process, energize outbursts (e.g., Huat et al., 2009; Kurtz et al., 2015) .
Unexpectedly, BRITE-Constellation has not yet found beat phenomena but only genuine NRP mode couplings which present themselves as a roughly sinusoidal largeamplitude variability with a frequency close to the difference (called ∆ frequency below) between the two parent frequencies (Baade et al., 2016a,b) . There are indications that mass-loss rates can be modulated with ∆ frequencies.
The next two subsections illustrate both types of mode combinations; the third one describes observations that do not fall into either of these categories. They extend the previous overview by Baade et al. (2016a) . 'Blue' and 'red' denote observations with blue-or red-sensitive BRITE satellites (Weiss et al., 2014) .
Large-amplitude ∆ frequencies
The initial prototypes of this variability were η Cen (Baade et al., 2016b) and 28 Cyg (Baade et al., in prep.) . New examples include:
• 10 (Baade et al., 2016b) and 28 Cyg (Baade et al., in prep.) . Instead, the amplitude of the ∆ frequency is strongly modulated. Unfortunately, the time span of the observations is not long enough to reveal whether the series of outbursts repeat every three months. The light curve contains an additional special detail. During the outburst series, there are not just brightenings, which probably are circumstellar light echoes, but also fadings. They occur in both blue and red data confirming they are real variations. The nature of the effects of ejected matter, brightening or dimming, depends on aspect angle (Haubois et al., 2014) . In a given star, this angle is constant, and so the observations contain constraints on the width in stellar latitude of the mass-exchange process between star and disk. In γ Cas (B0.5, m V = 2.4) two parent variations (2.1950 c/d, 0.9 mmag and 2.4796 c/d, 2.7 mmag), of which the weaker one may be a member of a frequency group, gave in 2015 rise to a ∆ frequency at 0.27 c/d and low amplitude (1.1 mmag). A second major variability (2.2 mmag) was at 0.9728 c/d. Among these inconspicuous frequencies, 2.4796 c/d is the most interesting (Fig.  1) . It is close to three times 0.8225 c/d (0-3 mmag) which (Henry & Smith, 2012) found in 15 seasons (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) of single-site ground-based photometry. Our analysis of 7 years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) of observations with SMEI (Jackson et al., 2004 ) confirms its reality. Smith et al. (2016) use this frequency as an anchor quantity of their magnetically-controlled rotational-modulation model which interprets it as the rotation period of the primary in the 200-d binary. This 0.8225-c/d frequency is not seen in the BRITE observations (Fig. 2) . A three times faster rotation would stretch the model of Smith et al. (2016) beyond its limits because its authors state that even their lower frequency would imply 1.15 ± 0.15 fractional critical rotation. They propose γ Cas as the prototype of hard X-ray emitting Be stars. The BRITE power spectrum appears rather normal but the apparent frequency tripling is quite unusual.
Beat phenomena
The spectroscopic frequencies and difference frequencies (Rivinius et al., 1998) of µ Cen (B2, m V = 3.4) were not detected with BRITE (Baade et al., 2016b) . The largeamplitude (∼250 mmag peak to peak in the red BRITE passband) variability is due to a light echo, which varies with the amount of matter present in the inner disk. Conceivably, these light echoes are not good clocks so that the stellar frequencies are not (well) reproduced. κ CMa (m V = 3.7) not only has a similar spectral type (B1.5 vs. B2) but also a comparable v sin i (220 km/s vs. 155 km/s) and is probably viewed at a similar, perhaps slightly higher, inclination angle. Rivinius et al. (2003) found two spectroscopic frequencies, 0.548 c/d and 0.617 c/d and also discuss discrepant photometric frequencies; the line-profile variability associated with the lower frequency is different from the typical = +m = 2 variety. They are not visible in the BRITE red photometry from 2015, which is dominated by outbursts that repeat cyclicly with about 0.0557 c/d. All three frequencies deserve further observational attention because the large range of ∼150 mmag suggests that the low frequency is due to a light echo. The proximity to a ∆-frequency relation may be just spurious, or one or more of the frequency values are incorrect. However, if the deviation from a ∆-frequency relation contains a component from the orbital phase velocity of an inhomogeneous or non-circular circumstellar mass distribution, it could carry important diagnostics of the star-disk interaction region.
In all the many BRITE Be-star light curves, genuine beat patterns are a rare sight although all stars are multi-frequency variables. They may be veiled by light echoes and atmospheric amplitude amplification processes. Moreover, members of dense frequency groups, which are probably largely circumstellar (Baade et al., 2016b; Rivinius et al., 2016) , are often not strictly phase coherent and therefore cannot form beat patterns. But the paucity of beat patterns is still remarkable.
28 ω CMa (B2, m V = 3.8) is one of the first Be stars in which nonradial pulsation was suspected (Baade, 1982) . The initial frequency of 0.73 c/d was approximately confirmed by various other spectroscopic studies (e.g., Štefl et al., 1999) . In the blue BRITE power spectrum (data from 2015) only a low-significance peak at 0.7273 c/d is found. This appears not surprising because in pole-on stars like 28 ω CMa (v sin i = 80 km/s), the latitudinal component of the velocity field of quadrupole NRP modes is maximally visible (Rivinius et al., 2003) whereas the photometric signature may well be azimuthally averaged out to near-invisibility. However, after subtraction of the enormous ∼150/200-mmag (blue/red) peak-to-peak variability, which is a light echo as in µ Cen (Baade et al., 2016b) , κ CMa (Sect. 2.1), and many others, it becomes evident that 0.73 c/d is amidst a frequency group extending from 0.55 c/d to 0.8 c/d. This explains the insuccessful efforts to improve the spectroscopic frequency. The group also includes this star'sŠtefl frequency at 0.68 c/d (Štefl et al., 1999) . The mean (semi-)amplitudes of the highest peaks reach ∼2.5 mmag. A second frequency group exists between 1.15 c/d and 1.45 c/d.
In Fig. 4 , the power spectrum after removal of the slow large-scale variability and part of the un-cleaned light curve are presented. The most important detail lies in the series of wiggles identified in the caption to the figure. The wiggle spacing is consistent with frequency values in the 0.55 c/d -0.8 c/d group. Their peak-topeak range, ∼50 mmag, is in the light-echo domain and an order of magnitude larger than the amplitudes in the frequency group. This large amplification supersedes the expected classical beat pattern. Since these tremolos are visible most of the time, it is not currently possible to conclude whether they can be the cause of the slow large-amplitude variability, i.e. major ejections of matter. Special interest exists in finding out whether the series of outbursts repeat every ∼75 days as seems possible from the present data. 1/75 d = 0.013 c/d could, then, be called a ∆ frequency.
Orphan frequencies and other variabilities
Not all low-frequency variabilities can be traced back to a difference between two higher (NRP) frequencies. Some of these 'orphan frequencies' are of the order of 2/T, where T is the total time span of the observations, but closely spaced frequency peaks should still be resolvable. The existence of ∆ frequencies with similar properties suggests that there is a good chance of many of the orphan frequencies also being real. Independent support may be derived from the report by Labadie-Bartz et al. In 2014, the main (red) rapid variability was at 1.0519 c/d (9.9 mmag) but in 2015 there were instead two similarly strong variations at 0.9872 c/d (6.9 mmag) and 1.0719 c/d (6.5 mmag). All three higher frequencies are embedded in a frequency group that is broad enough to easily construct from its ranks the low frequencies as ∆ frequencies. 3 Summary, conclusions, and outlook
Observations with BRITE-Constellation have established that in Be stars pairs of NRP modes can couple to form a sinusoidal variability with their difference (∆) frequency or a beat pattern. Both may reach amplitudes above the amplitude sum of the parent modes, which signals (as light echoes), maybe enables, mass-loss outbursts. The coupling seems highly selective, and most combinations of NRP modes have no visible effect (this conclusion assumes broadly correct distinction between stellar NRP modes and circumstellar frequencies, see below). The sensitivity of BRITE is not sufficient to investigate the behaviour of frequency groups because the frequencies are time dependent. They may harbour a similar mechanism involving the collective power of many elementary variabilities. While the evidence for outbursts due to coupled NRP modes seems overwhelming, such evidence is not found in similarly many other Be stars observed by BRITE. Explanations include:
• The stars are inactive for extended periods of time.
• The aspect-angle-dependent amplitudes of NRP modes are too low.
• The stellar variability is masked by circumstellar light echoes. All stars discussed in this paper are of spectral type B3 or earlier. This introduces a strong bias towards higher activity (Baade et al., 2016a; Labadie-Bartz et al., 2016) .
A larger sample would permit searches for trends with aspect angle (v sin i) and for differences between stellar and circumstellar variabilities. An estimator of the latter may be the environment in the power spectrum. If it consists of a rich group, the phase coherence is often lower (Baade et al., 2016b; Rivinius et al., 2016) , which might be more readily reconciled with circumstellar conditions. Amplitudes above ∼10 mmag may also more commonly have a circumstellar component (see below). If quadrupole modes are also photometrically dominant, the nearly perfect pole-on star FW CMa demonstrates that the large-amplitude variability is circumstellar. There is no obvious wavelength dependency of the amplitudes but colour variations may be different for stellar (bluer?) and circumstellar (redder?) variations.
Multi-season observations would gain in scope towards repetition frequencies of major outbursts, which may be as low 0.0003 c/d or less (e.g., Ghoreyshi et al., 2015) , and also enable searches for the origins of orphan frequencies. Other goals include the comparison of the angular 4π structure of ∆ variations to that of their parent NRP modes and the localization of the amplitude amplification process.
The central task is the development, if possible, of a unifying scheme. It could look as follows: Via some unknown selection mechanism, two NRP modes couple to form a ∆ frequency. Because of the increased combined amplitude (and with much rotational support), they cause cyclicly repeating mass-loss outbursts. Large amplitudes of ∆ frequencies arise as circumstellar light echoes. They trace the combined and integrated effects in the inner disk of mass injection and viscous and radiative gas dispersal. This can be different from the amount of mass instantaneously ejected.
In η Cen and 28 Cyg, the amount of inner-disk matter or its excitation varies sinusoidally with a ∆ frequency of constant amplitude. If it is excitation, it could be a lighthouse effect caused by the pulsationally varying and propagating photospheric radiation field. It was expected (?) for individual low-order modes. To date, there is no observational confirmation. But perhaps the power associated with ∆ frequencies is more effective. In 25 ψ 1 Ori and FW CMa, this light modulation exhibits a timedependent amplitude and is akin to a beat pattern. Only 28 CMa exhibits bona-fide beat patterns of frequencies in the NRP range (which is slightly surprising as the frequencies in the groups are not really phase coherent). Within the light-echo paradigm this suggests that effects of individual pulsation cycles are seen. In the absence of other evidence, one can only speculate whether in the other stars there may be a high-frequency cut-off somewhere.
Particularly interesting is the amplitude amplification of the higher frequencies. This could also be the base mechanism of the ∆ frequency amplitude variability in 25 ψ 1 Ori and FW CMa: The beat amplitude is not enhanced as such but merely as a consequence of growing amplitudes of the base variabilities. The reason for the variation in amplitude of the higher frequencies may be in the disk or the star or both. Finally, if several ∆ frequencies coexist, as perhaps in µ Cen and 28 CMa, the superimposed light echoes can be impossible to unravel from 'just' half a year worth of data, especially if not fully periodic.
The extension in timescale to a decade may require correspondingly low ∆ frequencies, which would hardly be directly detectable. However, if there were two (or more) outburst patterns which can be distinguished as patterns, extremely low super∆ frequencies could be indirectly derived. The duration of the associated outbursts would, then, depend on the length of the phase interval, during which high mass loss can be sustained by the involved pairs of NRP modes.
The two-coupled-NRP-modes paradigm is a useful approximative description of the observations. If the frequencies are not constant and embedded in a dense group, the overall process may be highly stochastic if not chaotic. This could include roguewave-like events. Where present, the semi-regular repetition of outbursts would argue against excessive randomness. But in many Be stars observed at sufficient spectral resolution and S/N, higher-order line-profile variability has been detected (Vogt & Penrod, 1983) , which provides an additional activity floor.
